Application of animal manures to soil as crop fertilizers is an important means for recycling the nitrogen and phosphorus which the manures contain. Animal manures also contain bacteria, including many types of pathogens. Manure pathogen levels depend on the source animal, the animal's state of health, and how the manure was stored or treated before use. Rainfall may result in pathogen spread into soil by runoff from stored or unincorporated manure or by leaching through the soil profile. Steady rainfall consisting of 16.5 mm h ؊1 was applied to 100-mm disturbed soil cores that were treated with manure and inoculated with Escherichia coli O157:H7 strain B6914. The level of B6914 in leachate was near the inoculum level each hour for 8 h, as was the level of B6914 at several soil depths after 24 h, indicating that there was a high rate of growth. Bacterial movement through three different types of soil was then compared by using disturbed (tilled) and intact (no-till) soil cores and less intense rainfall consisting of 25.4 mm on 4 consecutive days and then four more times over a 17-day period. Total B6914 levels exceeded the inoculum levels for all treatments except intact clay loam cores. B6914 levels in daily leachate samples decreased sharply with time, although the levels were more constant when intact sandy loam cores were used. The presence of manure often increased total B6914 leachate and soil levels in intact cores but had the opposite effect on disturbed soil cores. Ammonia and nitrate levels correlated with B6914 and total coliform levels in leachate. We concluded that tillage practice, soil type, and method of pathogen delivery affect but do not prevent vertical E. coli O157:H7 and coliform transport in soil and that soluble nitrogen may enhance transport.
Contamination of food and water by microorganisms from animal manures has become a topic of concern recently. Nonpoint-source contamination from manure may result from pastured animals, from roaming wild animals, or from manure intentionally spread onto fields as fertilizer or waste. Point sources of manure contamination include animal feedlots, animal housing facilities, and manure storage areas, such as lagoons. A point source may also lead to non-point-source spread of manure or pathogens by runoff or leaching that spreads to fields and water supplies.
Movement of bacteria through soil from point sources has been studied extensively by using septic tank effluent (1, 13) and municipal sewage treatment effluent (15, 20) . Coliform bacteria have been reported to move through soil from 0.9 to 456 m depending on the soil type (10) . Coliforms from septic tank effluent were transported at rates between 10 2 and 10 6 cells per day through 60-cm packed loamy sand soil columns subjected to unsaturated flow conditions over a period of 200 days, which represented a 92% removal rate (21) . Infiltration basins over loamy sand were shown to transport as much as 100 times more fecal coliforms to groundwater following rainfall than during dry spells (9) . Non-point-source pathogen contamination resulting from animal manure has garnered increasing attention recently (17) . Poultry manure applied to intact silt loam soil blocks that were 32.5 cm square by 42.5 cm long led to between 10 3 and 10 5 fecal coliform cells ml Ϫ1 in leachate with unsaturated flow and generally greater numbers and faster breakthrough of coliforms with sod-covered soil than with bare soil (14) . The influence of cattle grazing on silt loam soils with shallow aquifers was shown by the 51% increase in fecal coliform-positive well samples obtained after cattle grazed on several different fields for the first time (11) . A direct relationship with cattle grazing was shown in a study in which coliform transport through the top 25 cm of a sandy loam soil was measured; there was increased coliform contamination in surface layers during grazing months and at greater soil depths after cattle were no longer using the field (6) .
In the United States, current federal environmental regulations do not consider pathogens from animal manure directly, although the Clean Water Act (40 CFR 122) covers pollutants from point sources, especially concentrated feedlots, under the National Pollutant Discharge Elimination System (NPDES) permit program. This regulation is in effect while manure is stored, but regulation stops when manure is spread onto a field. Generally, if uncovered manure storage is used, it must contain the runoff from a once-in-25-year storm and be outside any flood plain and the manure must not come into direct contact with the high groundwater table for the area. Current NPDES permitting is carried out by individual states and generally incorporates best management practices designed to limit nitrogen to amounts that crops can readily utilize during a growing season.
Although the regulations applicable to manure are regulations for nutrients, pathogens have recently become an issue since several disease outbreaks have been traced to livestock; these outbreaks involved Escherichia coli O157:H7, Salmonella species, Listeria monocytogenes, Mycobacterium paratuberculosis, and several enteric viruses and protozoans (16) . Although the U.S. Environmental Protection Agency sets limits on the allowable concentrations of coliform bacteria in drinking water (0 CFU in 100 ml) and primary contact water (200 CFU in 100 ml), it is unclear how often well water or surface waters on farms are checked for contamination. There are no regulations concerning the pathogen content of soil, although human sew-age sludge must be treated to reduce the pathogen content prior to use on fields (Clean Water Act 40 CFR 503). In addition, in Canada, packaged animal manures must not be detrimental to plants, animals, or public health (4) . Pathogens that reach groundwater or surface water on a farm may be recycled by crop irrigation and may infect animals and humans through drinking water or ingestion of a crop. It is possible that pathogens that are present at low levels in this water multiply when they are exposed to favorable environmental conditions or available nutrients. In fact, it has been shown that the levels of members of several genera of pathogenic bacteria decrease only slightly during 100 days in groundwater alone (7) , and several studies have shown that sediments serve as reservoirs for fecal pathogens (2, 5) .
In the present study, we evaluated two types of soil cores to study the extent to which efflux resulting from fresh manure (including pathogens and nutrients) traveled through intact and disturbed (sieved, packed) soil cores, which simulated notill soil and conventional-tillage soil treatments, respectively. The risks which we assessed included the ability of potential pathogens (E. coli O157:H7 and total coliforms) to travel through soils with different textures. We also assessed whether manure trapped pathogens at the soil surface or was a source of nutrients that enhanced pathogen survival. It is possible that pathogens that reach the groundwater are involved in an onfarm cycle of reinfection that spreads pathogens among animal populations. As the groundwater is recycled for crop irrigation, for vegetable cleansing, or as drinking water, pathogens may then directly affect the human population.
MATERIALS AND METHODS
Inoculum preparation. All cores were inoculated with a rifamycin-resistant derivative of E. coli O157:H7 strain B6914 containing plasmid pGFP with genes for green fluorescent protein and ampicillin resistance (8) . B6914 was grown to the mid-log phase in Luria-Bertani broth (Gibco BRL, Gaithersburg, Md.) containing 100 g of both ampicillin and rifamycin SV per ml, chilled rapidly to 4°C, pelleted by centrifugation at 5,000 ϫ g, and resuspended to a Klett reading of 100 in sterile, chilled, reverse osmosis grade (RO) water. The inoculum used for the preliminary experiment contained 4.018 ϫ 10 7 CFU ml
Ϫ1
, the inoculum used for disturbed soil cores contained 4.697 ϫ 10 7 CFU ml
, and the inoculum used for intact cores contained 3.015 ϫ 10 7 CFU ml
. Fresh manure was obtained from the University of Maryland Western Maryland Research and Education Center dairy farm in Clarksville, Md. (Table 1 ). For each core that received manure, 1 ml of inoculum was mixed with 50 g of manure, which was then spread evenly over the surface of the core. For each core that did not receive manure, 1 ml of inoculum was spread evenly over the soil surface. Rainfall treatments began immediately after manure application or inoculation.
Intact and disturbed soil cores. The following three types of soil were obtained fresh and used to prepare cores: a clay loam soil from Clarksville, Md., under conventionally tilled corn; a sandy loam soil from Upper Marlboro, Md., under conventionally tilled tobacco; and a silt loam soil from Beltsville, Md., under no-till hay (Table 1) . Intact cores were prepared by using sections of polyvinyl chloride plumbing pipe (inside diameter, 102 mm; length, 177.5 mm) with a 45°b evel at one end. Each pipe section was driven into the soil by placing a steel plate over the end without a bevel and striking the plate with a hammer until 152.5 mm of the pipe was in the soil. An intact core was removed by excavating around the pipe and then cutting the bottom of the soil profile cleanly. The intact core was kept in the pipe and was placed on filter paper inside a 133-mmdiameter plastic Buchner funnel (Fisher Scientific), and the bottom of the pipe was caulked with silicone sealant. Anchoring cement (Quikrete Corp., Atlanta, Ga.) was then poured between the pipe and the funnel walls and allowed to dry overnight. To obtain disturbed soil cores, we used the same soils, but the soils were first air dried and sieved through a 5-mm mesh. Disturbed soil cores were prepared by using aluminum flashing that was cut and taped together to form cylinders which were the same size as the polyvinyl chloride cores. A piece of filter paper was placed at the bottom of each cylinder inside a 133-mm-diameter plastic Buchner funnel; soil was then added 15 mm at a time and tamped repeatedly to promote settling and remove air pockets, until a final depth of 152.5 mm was reached. All of the cores were then saturated by immersing them in RO water to just below the soil line and allowing capillary action to draw up water until the soil surface was wet. Then the aluminum cylinder was carefully removed from each disturbed soil core, a second cylinder was placed around the outside of the Buchner funnel so that it extended 50 mm above the soil, and a third cylinder which was 50 mm tall whose circumference was 5 mm less than the soil core circumference was placed on top and pressed slightly into the soil surface. Anchoring cement was poured between the soil and the outer aluminum cylinder to within a few millimeters of the top edge of the upper cylinder. After the cement had dried, the outer cylinder was removed, which left a soil column whose edges were encased in concrete and the top aluminum cylinder in place so that it could catch rainfall on the soil surface. Since the sides of the disturbed soil core were encased in cement, potential preferential flow or so-called edge effects were eliminated. The disturbed soil cores used for the preliminary experiment were identical except they were 102 mm long and 102 mm wide and were composed of a silty clay loam soil and a sandy loam soil obtained from different sources in Beltsville, Md.
Rainfall and leachate collection. The rainfall in the preliminary experiment consisted of continuously formed droplets of tap water that were applied at a rate of approximately 16 mm per h for 8 h; each core received a total of 128 mm (1,038 ml) of rainfall. A rainfall rate of 25.4 mm over a 4-h period was used in continuing experiments; three 70-ml portions of RO water (total, 210 ml) were applied at hourly intervals to each core surface (area, 81.1 cm 2 ). Leachate was collected in sterile beakers, and samples were collected each hour in the preliminary experiment. For long-term experiments, rainfall was applied daily for 4 days, and then at 3-to 4-day intervals four additional times (eight rainfall events). In the long-term experiments leachate samples were obtained once after each rainfall, when gravity draining from all of the cores had ceased (within 8 h).
Selective media. Samples were serially diluted in isotonic saline-phosphate buffer (pH 8.0) and then plated onto Luria-Bertani agar supplemented with 100 g of ampicillin per ml, 100 g of rifamycin SV per ml, and 100 g of cycloheximide per ml (for strain B6914), MacConkey agar (for coliforms) or RIM agar (3) (for total heterotrophs). Higher dilutions were plated onto selective media by using a spiral plating system (Autoplate 3000; Spiral Systems, Inc.), while 100-or 1,000-l portions of lower dilutions were plated directly onto replicate plates. The plates were inverted after 30 min and incubated at 37°C for 48 h. The bacteria on spiral plates were counted by using a vendor-supplied spiral grid and volume table, while all of the bacteria on replicate plates were counted and the values obtained for replicates were averaged. B6914 colony counts were confirmed by placing the plates on a long-wavelength (310-nm) UV light box and disregarding any colonies that did not glow green. The same media and dilutions were used for soil samples, except that soil samples were diluted 1:10 in sterile water and were extracted by using a Waring blender with a 1-liter glass container that was centrifuged at the top speed (22,000 rpm) for 1 min; after this the contents were allowed to settle for 1 min before dilution and plating from the middle fraction in the blender container.
Sampling schedule and experimental design. In the preliminary experiment leachate samples were collected each hour for 8 h during continuous rainfall, and a final sample was collected after the cores had drained overnight; thus, a total of nine leachate samples were collected from each core. The soil samples consisted of 10 g of well-sieved soil from five different depths and the manure layer (total, six samples) from a single core for each soil. In the long-term experiments, on July 7, 2017 by guest http://aem.asm.org/ daily leachate samples were collected on four consecutive days, and then four additional samples spaced 3 or 4 days apart were collected; thus, a total of eight leachate samples were collected over a 17-day period. Soil samples were collected after 18 days at three evenly spaced depths and from the manure layer if the core had one; thus, three samples were collected from cores that did not receive manure, and four samples were collected from cores that received manure. Intact core and disturbed soil core inoculation and sampling were performed independently by using the same parameters and sampling schedules. Replicate cores were prepared (disturbed soil cores) or obtained (intact soil cores) fresh, and treatments were randomly assigned in duplicate to similar cores. The two treatments were (i) inoculated soil and (ii) inoculated soil with added manure. For both treatments intact and disturbed soil cores were replicated and three different soils were used; a total of 24 cores were used for the long-term experiment.
RESULTS
A preliminary experiment showed that the levels of B6914 in leachates from disturbed soil cores exceeded the inoculum level (4.018 ϫ 10 7 CFU ml Ϫ1 ) after 2 h of 16.6-mm h Ϫ1 rainfall with a silty clay loam soil and approached the inoculum level after 3 h with a sandy loam soil (Table 2) . After an initial lag, the level of leached B6914 in hourly samples remained near the inoculum level until rainfall was stopped after 8 h. Overnight gravity draining of cores resulted in leachate B6914 levels that were several times greater than the inoculum level and total B6914 levels at six soil depths that were near or greater than the inoculum level (Table 2 ). B6914 was fairly evenly distributed vertically in both soil types, although the concentrations of B6914 were slightly higher near the tops of the cores ( Table 2 ). The total amount of B6914 recovered from soil and leachate was 15.37 times greater than the inoculum level with the sandy loam soil and 15.91 times greater than the inoculum level with the silty clay loam soil.
The conditions used in the preliminary experiment were extreme compared to average seasonal field conditions in the area studied, so reduced rainfall consisting of 25.4 mm over a 4-h period was utilized in a long-term experiment along with larger cores, three different types of soil, and different soil matrices. B6914 traveled through all of the soils in leachate and was detected at all sampling times over 18 days. For most of the cores the total amount of B6914 in leachate ranged from 10 5 to 10 8 CFU on the day of inoculation and from 10 4 to 10 6 a The concentration of strain B6914 in the inoculum was 7.600 log CFU g
Ϫ1
. For the sandy loam soil the amount of B6914 recovered from the leachate and soil over a 24-h period was 15.37 times the amount inoculated, and for the silty clay loam soil the amount of B6914 recovered from the leachate and soil over a 24-h period was 16.01 times the amount inoculated.
b The total amount of B6914 recovered from sandy loam soil in this experiment (concentration multiplied by volume of leachate) was 8.60 log CFU, and the ratio of the amount recovered to the amount inoculated was 10.00.
c The values in parentheses are standard errors, which were calculated from the values for replicate plates prepared by using single soil cores. d The total amount of B6914 recovered from silty clay loam soil in this experiment (concentration multiplied by volume of leachate) was 8.68 log CFU, and the ratio of the amount recovered to the amount inoculated was 12.02.
e The total amount of B6914 recovered from sandy loam soil in this experiment (concentration multiplied by soil weight) was 8.33 log CFU, and the ratio of the amount recovered to the amount inoculated was 5.37.
f The total amount of B6914 recovered from silty clay loam soil in this experiment (concentration multiplied by soil weight) was 8.19 log CFU, and the ratio of the amount recovered to the amount inoculated was 3.89.
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on July 7, 2017 by guest http://aem.asm.org/ CFU after 18 days. The only exceptions were the intact clay loam soil cores; in 75% of these cores leaching ceased after 3 days due to clogging. In the long-term experiments, the B6914 data for leachate and soil showed that for all but one treatment, the number of viable B6914 CFU recovered was more than the number inoculated; the number of CFU recovered ranged from 0.64 to 30.97 times more than the number of CFU in the inoculum (Table 3) . Overall, there was not a significant difference (␣ ϭ 0.05) between B6914 levels in leachate based on core type (intact and disturbed soil cores). In all cases, the leachate levels of B6914 for disturbed soil cores without manure were greater than the leachate levels for the same cores with manure added (Table 3) . For intact soil cores, replication and vertical movement were often much greater when 50 g of fresh manure solids was added to the core (Table 3) . Least-significant-difference tests (Table 4) revealed that significantly more nitrate leached through cores to which manure was added, and the highest nitrate levels leached from the sandy loam and silt loam soils. Disturbed soil core leachates contained more ammonia and total organic carbon and were more turbid than intact soil core leachates (Table 4) ; turbidity was greatest in sandy loam leachate, followed by the silt loam leachate. Slightly more phosphate leached through the silt loam and sandy loam soil cores than through the clay loam soil cores (Table 4) . Comparisons of levels of B6914, total coliforms, and total heterotrophs with levels of nutrients and tur- In each experiment the total amount for leachate samples was calculated by adding the amounts obtained after eight 25.4-mm rainfall events over a 17-day period ( Fig. 1 and 2 ). The total amount for soil samples was calculated by adding the amounts obtained for three 50-mm layers plus the amount obtained for a manure layer if applicable; samples were obtained 18 days after inoculation. on July 7, 2017 by guest http://aem.asm.org/ bidity in leachates revealed that nitrate and ammonia levels were positively correlated with B6914 and total coliform levels ( Table 5 ). Phosphate levels and turbidity did not correlate, and total organic carbon content was negatively correlated with B6914 and total coliform levels in leachates. A regression analysis (Table 6 and Fig. 1 and 2 ) was performed with daily leachate concentrations of B6914 measured over 17 days. A linear regression analysis revealed that B6914 was expected to continue leaching through most soils and soils subjected to most tillage treatments for about 30 days (except for the sandy loam soil) based on a best-fit regression line extended to the x axis. The daily levels of B6914 in leachates from sandy loam intact soil cores treated with manure and disturbed soil cores not treated manure were less than 1 log lower than the initial leachate levels ( Fig. 1 and 2) , with x-axis intercepts of 64 to 74 days (Table 6 ). For other soils (both core types), the B6914 levels in leachate were higher initially but declined to lower values over approximately 30 days ( Fig. 1 and  2 and Table 6 ). The only exception was intact clay loam cores, which became clogged after 3 days, although disturbed clay loam soil cores had normal infiltration rates throughout the experiment. If tillage and manure treatments are disregarded, B6914 should leach from the clay loam soil for 4 to 34 days (confidence interval, up to 55 days), from the silt loam soil for 27 to 33 days (confidence interval, up to 40 days), and from the sandy loam soil for 38 to 76 days (confidence interval, up to 127 days). Based on r 2 (regression fit) values (Table 6 ) and graphical representations of measured values ( Fig. 1 and 2 ), linear regression gave an accurate indication of future leaching trends for B6914.
DISCUSSION
Due to the somewhat unrealistic conditions used in the preliminary experiment, we designed longer-term experiments in which we used less rainfall (lower volume and intensity), larger cores, and extended sampling periods (more than 24 h). In addition to reduced rainfall, we used intermittent periods of wetting and drying throughout the experiment and tried to determine whether the presence of manure influenced survival and leaching of B6914 and nutrients. Rainfall at a rate of 6.35 mm per h for 4 h (total, 25.4 mm) was a more realistic situation, since it simulated the average once-a-month storm for the area studied. Rainfall was initially applied daily and then spaced several days apart so the soil cores were not saturated all of the time. The intermittent wetting and drying did not seem to affect the daily leachate level trends for B6914 ( Fig. 1  and 2 ), although we expected leachate levels to decrease sharply when the soil dried between rainfall events. It is probable that the available moisture remaining in the soil between rainfall events was adequate for bacterial survival and that rainfall events led to high rates of B6914 growth. High levels of B6914 remaining in the soil indicated that B6914 was able to attach to microsites and may have replicated by budding off cells when water and nutrients (especially nitrogen) flowed past microcolonies (12) .
Not as much total B6914 was recovered from disturbed soil cores in the long-term experiments as in the preliminary experiment, probably because the amount of B6914 remaining in the soil (measured after 18 days instead of after 24 h) was much lower (Tables 3 and 4) ; using larger cores also may have decreased transport. Soil type and manure effects were not so easily explained. In some cases the soil B6914 levels for the same core-manure treatment were similar for different core types (silt loam soil with manure, sandy loam soil without manure) but the leachate levels were different, while in other cases the leachate levels were similar (silt loam soil without manure, sandy loam soil with manure) but the soil levels were different. B6914 generally replicated better in disturbed soil cores without manure, while in intact soil cores replication and recovery of B6914 were much greater when manure was added. Nutrient limitation for both indigenous and inoculated microbes seemed to be why manure had a greater effect on intact soil core B6914 replication. Since disturbed soil cores were well mixed and often more nutrients leached out of these soil cores (Table 4) , B6914 and coliforms probably had to compete more with the soil microflora for available nutrients that were in short supply. In intact soil cores, microsites were left intact, and B6914 and coliforms were probably better able to avoid competition and predation by seeking refuge and therefore could take better advantage of available nutrients and replicate faster. Compared to the conditions in disturbed soil, the physical and biological conditions in intact soil were better for survival and replication of B6914 and coliforms.
Turbidity in leachate samples was not correlated with bacterial movement overall, and there was a negative correlation between B6914 levels and turbidity ( Table 5 ), indicating that the organisms probably were not attached to leaching particles and probably did not leach as if they were particles. The lack of correlation between B6914 and coliform levels with phosphate content in leachate confirmed that these organisms did not behave as particulates since phosphate often moves with particulates in soil. B6914 and coliform levels were positively correlated with nitrogen (ammonia and nitrate) levels in leachate; these organisms may follow nitrogen sources through soil by using chemotaxis or may simply survive longer or replicate faster in the presence of available nitrogen.
Clearly, if E. coli O157:H7 strain B6914 reached soil, whether it was applied in manure or came from runoff from a point source, it could survive, replicate, and move vertically for some time, posing a continuing threat to nontarget environ- a A positive correlation with a high probability (␣ Ͼ 0.10) indicates that the parameters compared occurred together; a negative correlation with a high probability indicates that the parameters did not occur together; and a low probability was inconclusive (there was no pattern). Coliform and B6914 levels were positively correlated with nitrate and ammonia levels in leachate and negatively correlated with total organic carbon levels.
b Boldface type indicates correlations that did not have a significantly different (high) probability.
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ments. In the case of intact clay loam cores, which became clogged shortly after inoculation, high levels of recovery of B6914 in soil and low leachate levels showed that population growth could occur if there were minimal leaching losses. Saturated soil conditions may also enhance growth of coliforms compared with the indigenous flora, since coliforms are facultative anaerobes and oxygen is limited in a saturated soil. Low infiltration rates and saturated soil conditions may also lead to increased spread in runoff during rainfall events. Low levels of survival and recovery of B6914 in the sandy loam soil cores reflected the opposite effect. Most often, less B6914 was recovered from sandy loam leachate than from leachate from other soils, but the leachate rate was more consistent and Fig. 1 and 2 . Leachate samples were collected from duplicate intact and disturbed soil cores after each rainfall event, a total of eight times. One-half of the cores were inoculated, and one-half of the cores were inoculated and amended with 50 g of manure tilled into the soil surface. b Slope of a linear regression line through all data points extending to both axes. (Table 6) . We concluded that the presence of manure enhances the survival of E. coli in no-till soils, probably due to enhanced microsite habitat and the addition of nitrogen. However, similarly high levels of replication and leaching from no-till soil without manure and from tilled soil represented about the same level of risk. Risk is therefore present when coliforms, specifically E. coli O157:H7, reach the soil as runoff from stored manure or when manure is applied directly to fields, if rainfall or irrigation provides the mechanism for dispersion. Data indicate that if soil pores do not become clogged, E. coli O157:H7 can travel below the top layers of soil for more than 2 months after the initial application.
Since B6914 levels were correlated with nitrogen levels in leachate, nutrient management through NPDES permits may be effective for controlling pathogens by limiting the amount of nitrogen applied to fields to the amount which a crop can utilize in a season. However, to manage potential problems with crop, surface, and groundwater contamination, some form of on-farm pathogen management in addition to NPDES permit requirements may be necessary before manure is spread onto agricultural fields. Tables 1, 4 , and 5, respectively: the following revised tables better represent the parameters measured and the techniques used to evaluate nutrients and carbon available to microorganisms in these samples and better indicate how soil parameters and treatments affected microorganisms, nutrients, carbon, and turbidity in leachate after rainfall events. The original tables should be disregarded. 
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